A previously described method for mannitol in urine has been modified and improved. End product inhibition by fructose in the mannitol dehydrogenase method for mannitol has been minimized; the assay is linear over a sample mannitol concentration range of 0-12 mmol/L; no significant interference from other sugars or sugar alcohols could be demonstrated. The method is precise (within-batch CVC lVo), rapid and shows excellent recovery of mannitol in spiked samples.
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Mannitol, administered orally with a disaccharide, has been used for several years in a non-invasive method for investigating intestinal permeability, particularly in screening for coeliac disease and monitoring the response to a gluten-free diet. After an oral dose of, for example, mannitol and cellobiose, urine is collected for 5 h. Mannitol and cellobiose are measured and the result expressed as a ratio of the percentage recovery of the two probe Abnormal intestinal permeability has also been demonstrated in psoriasis, eczema and dermatitis herpetiforrnis using mannitol and c e l l~b i o s e .~ Mannitol has also been used in conjunction with lactulose to investigate permeability in Crohn's disease6 and to screen for coeliac disease in adults7 and children.s Use of these methods has however been limited by the complexity of the methods for measuring mannitol.
A time-consuming spectrophotometric method9 has been used for mannitol measurement in many of the intestinal permeability s t~d i e s . ' -~-~-~J~ Methods for measurement of mannitol in biological fluids using gas liquid chromatography (GLC) and high performance liquid chromatography (HPLC) have also been d e s~r i b e d . ' .~-" -~~ Enzymatic procedures using mannitol dehydrogenase have been reported for the measurement of mannitol in serum and urine.I3-I5 In view of the simplicity of Correspondence: Ms J Blood. such methods and their applicability to the analysis of large numbers of samples, we have investigated the factors which limited their usefulness. The modified method described here may be used manually or on automated clinical chemistry analysers and shows excellent correlation with results by GLC.
MATERIALS AND METHODS

Mannitol method using mannitol dehydrogenase
The method is based on the oxidation of mannitol to fructose by the NAD-specific Dmannitol dehydrogenase from Leuconostoc mesenteroides.16 Instrumentation (a) Automated method-the method was developed using a Cobas Bio centrifugal analyser (Roche Products, Welwyn Garden City, UK) at 37"C, but may be readily adapted to other analysers. (b) Manual method-absorbance readings were made with a Coleman 55 spectrometer (Perkin Elmer, Beaconsfield, UK).
Reagents
(a) Buffer-the buffer finally selected was Tris/ HCI, 0.5 mol/L, pH 8 -6 containing Mg+ + (5 mmol/L) as magnesium sulphate.
(b) Enzyme-partially purified D-mannitol dehydrogenase was prepared from Leuconostoc mesentemides by ammonium sulphate fractionation and ion exchange chromatography. The enzyme was diluted with buffer to 20 U/mL (automated procedure) or 133 U/mL (manual procedure). (c) Coenzyme reagent-NAD, hexokinase and ATP (Sigma Chemical Company, Poole, Dorset, UK) were added to buffer at 17.2 mmol/L, 10 U/mL and 18 mmol/L, respectively (automated procedure), or 6.25 mmoVL, 3.64WrnL and 6.55 mmol/L, respectively (manual procedure). (d) Mannitol standard-aqueous mannitol standards over the range 0.5-15 mmol/L were used.
Procedure
The sample or standard containing mannitol was mixed with coenzyme reagent and warmed to 37°C. Mannitol dehydrogenase was then added and the absorbance monitored to end-point (10 rnin).
(a) Automated procedure-the reaction parameters for an end-point assay on the Cobas Bio analyser are shown in Table 1 . Parameters 12 and 14 refer to the volumes of coenzyme reagent and enzyme, respectively. (b) Manual procedure-1 -0 mL coenzyme reagent and 20pL sample or standard were mixed, warmed to 37°C and the absorbance (m measured at 340 nm. Fifty microlitres of enzyme solution was added; the reaction mixture was incubated for a further 10 min at 37°C and absorbance measured (A\). The mannitol concentration of the sample was calculated from the absorbance change (A, -A,,) by comparison with the mannitol standard.
Mannitol method using gas liquid chromatography
Mannitol was measured in urine by GLC (Hewlett Packard 5890) using a modification of the method of Laker and Mount." Trimethylsilylated derivatives were obtained by adding a mixture of pyridine: trimethylchlorosilane: bis-trimethylsilyl trifluoroacetamide (10: 1 : 1) to dried samples and heating at 55°C for 45 min. Inositol was used as internal standard. The derivatized product was injected directly on to the column (HP-1) and detected with a flame ionization detector. The method was linear over a sample mannitol concentration range of 0-5-33 mmol/L; the mean recovery of mannitol added to urine was 97% and the within-batch imprecision at a sample concentration of 8 mmol/L was 1 -9%.
RESULTS
Buffer pH and concentration
The pH optimum of mannitol dehydrogenase is about 8.6.16 The effect of pH over the range 8.0-9-0 on enzyme activity with and without hexokinase and ATP was observed using Tris buffers at a reaction mixture concentration of 0.345 mol/L. In the absence of hexokinase and ATP, the activity declined markedly outside the pH range 8.3-8-8, with an optimum pH at 8-6-8-8. In the presence of hexokinase and ATP, there was a plateau of optimum activity (Fig. 1 ). The buffering ability of different buffer concentrations was assessed by mixing urine (0-5 mL) and buffer (1 -0 mL). Although a few early morning urines decreased the pH to less than 8-4, 0.25 mol/L Tris buffer, pH 8 . 6 , adequately buffered most urine samples; 0.5 mol/L Tris buffer pH 8 -6 adequately buffered all urines investigated (n = 15), 14 were within the range 8.59-8-63; one early morning urine mixed with buffer decreased the pH to 8 * 53.
NAD and enzyme concentration
Using a sample mannitol concentration of give a final reaction mixture concentration of 0-10 mmol/L. The reaction rate increased up to an NAD concentration of 4-0mmol/L. A concentration of 5 -9 mmol/L was selected for the assay, giving an excess of coenzyme. The effect of varying enzyme activity was observed over the range 0.5-2.0 U/assay (3-5-13-8 U/mL). At 0.5 Ulassay, linearity was maintained only to a sample mannitol concentration of 8 mmol/L (Fig. 2) . The absorbance change using 1 .O U/assay was linear with respect to concentration to 12 mmol/L; increasing the enzyme activity further did not increase the absorbance change. An activity of 1 .O U/assay was therefore selected.
Effect of hexokinase and linearity
The effect of hexokinase was observed at reaction mixture activities of 3 -45 and 6.9 U/mL in the presence of ATP (6.2mmol/L) and M g + + (4-3 mmol/L). At both levels of activity, hexokinase abolished the inhibitory effect of fructose; 3.45 U/mL was therefore selected for the assay ( Table 2) . Under these conditions, the assay is linear to a sample mannitol concentration of 12mmol/L (Fig. 2 ).
Recovery and precision
Recovery was assessed by adding mannitol to 11 different urine specimens. The mannitol concentrations in the spiked samples and original urine specimens were measured by the automated or manual assays and the recoveries calculated. For four samples assessed by the manual assay over the range 1 -1 1 mmol/L, the mean recovery was 101.6%. For 12 samples assessed by the automated assay over the range 1 -12 mmol/L the mean recovery was 100-1Vo.
The within-batch precision was assessed by analysing 20 duplicates at 5 and 11 mmol/L. The between-batch precision was assessed from the results of two urine samples stored in aliquots and analysed in 12 separate batches ( Table 3 ). 
Specificity for mannitol
The following sugars and sugar alcohols were added at a concentration of 10 g/L to an aqueous solution of mannitol (10 mmol/L): glucose, galactose, fructose, arabinose, xylose, sucrose, lactulose, lactose, maltose, trehalose, raffinose, glycerol, arabitol, sorbitol, dulcitol, and inositol. None of the sugars was inhibitory and none of the sugar alcohols except sorbitol acted as substrates. The reaction with sorbitol(55 mmol/L) was equivalent to a mannitol concentration of 0.7 mmol/L.
Stoichiometry of the reaction
Under the reaction conditions described, the absorbance changes indicated that in both the manual and automated procedures, approximately 90% of the mannitol was converted to product. No interfering NADH oxidase could be detected in the mannitol dehydrogenase preparations or in urine samples. The absorbance change with respect to time is shown in Fig. 3 .
Reagent stability
To assess the stability of the working reagent, aliquots were stored in sterile containers at 4°C for up to 4 weeks. No loss of reagent performance could be detected over this period. The enzyme reagent was stored in aliquots and was stable for several months at -20°C.
Comparison with gas liquid chromatography
A comparative study was performed at two sites with an exchange of coded samples. Neither investigator was aware of results by the alternative method at the time of analysis. Mannitol in 29 urine samples was measured enzymatically and by gas liquid chromatography. The range of urine concentration was 0-7-13.0 mmol/L. Using Deming's method, the correlation coefficient was 0.994, with a slope of 0.956. The intercept of 0.22 was not significantly different from zero (P<0-05, Fig. 4 ).
DISCUSSION
Methods for mannitol in biological fluids using mannitol dehydrogenase have been reported previously; Blomquist et al. I 3 described a manual method for serum based on initial velocities, and an end-point method was published re~ent1y.l~ The former method when adapted for use over a concentration range suitable for urine samples gave very small absorbance changes. The latter method was linear over only a narrow analytical range (0-3-5-5 mmol/L) and was significantly inhibited by fructose. The procedure described here overcomes these limitations. Mannitol dehydrogenase from Lactobacillus brevis13 or Leuconostoc rne~enteroidesl~ has been used in assays for mannitol. The former enzyme, purified by ion exchange chromatography, has a pH optimum of 9.0; the enzyme from Leuconostoc mesenteroides, prepared by ammonium sulphate fractionation, was described as having a p H optimum of 8-6.16 Our studies confirmed the p H optimum of the enzyme from Leuconostoc mesenteroides and showed that activity declined rapidly below p H 8-3. Hexokinase and ATP in the reaction mixture diminished this effect such that the activity at p H 8.0 was 97% of the optimum activity at p H 8 -6 (Fig. 1) .
The buffering capacity of the buffer used must be sufficient to ensure that all urine samples are buffered to p H 8 -6 . Tris buffer was used in an assay for determining mannitol dehydrogenase activity" and was therefore investigated further. As described, Tris buffer (0.5 mol/L) adequately buffered all urine investigated and was therefore selected. Glycine/hydrazine buffers (0-02 mol/L and 0.4 mol/L) have been used in other assays for urine mannitolI4-l5 but were not investigated in view of the hazardous nature of hydrazine and the problem of the production of UV-absorbing complexes from NAD and hydrazine.
In the method developed by Lunn et al. ,Is the sample volume : total volume ratio (v : V) was 1 : 5 .
The current assay has been formulated to give a v: V of 1 : 29 thus decreasing the inhibitory effect of fructose produced during the reaction. Any remaining effect of fructose has been abolished by adding hexokinase and A T P to convert the inhibitory product fructose to fructose-6phosphate. Lunn et al. I5 reported 50% inhibition in the presence of fructose (10 g/L); in this assay the inhibition was reduced to 17% in the absence of hexokinase and completely abolished under the final reaction conditions in which hexokinase was included. Under these conditions the linearity of the assay extended to a sample concentration of 12 mmol/L.
The colorimetric method of Corcoran and Pageg has been used for measuring mannitol in many of the studies of intestinal permeability despite its limitations of non-specificity. We therefore chose to compare the enzymatic method with gas liquid chromatography rather than with the colorimetric procedure. The correlation data (Fig. 4) confirmed the specificity of the enzymatic method and the absence of interfering substances in urine.
The method described here may be used manually and can be adapted to a range of automated analysers. It offers significant advantages over quantitative chromatographic method^^-^-^^ particularly in speed of analysis and applicability to routine clinical chemistry analysers. On a Cobas Bio analyser approximately 75 urine samples can be analysed within 1 h. In addition to the use of mannitol in the assessment of intestinal permeability there are current therapeutic interests in its possible role as a free radical scavenger and in the prevention of post-operative renal Mannitol is well known as having the ideal properties required for the assessment of glomerular filtration rate.I9 The method for mannitol described here may contribute to further quantitative studies in these areas.
